Background: Although glycosaminoglycan-induced GAPDH prefibrillar species accelerates ␣-synuclein aggregation, its role in toxicity remains unclear. Results: The toxic effect exerted by ␣-synuclein oligomers on cell culture was abolished by GAPDH protofibril, which was identified and structurally characterized. Conclusion: GAPDH protofibrils can efficiently sequester ␣-synuclein toxic oligomers. Significance: GAPDH protofibrils may play an important role in neuronal proteostasis and could open a novel therapeutic strategy for synucleinopathies. .ar. 4 The abbreviations used are: ␣-SN, ␣-synuclein; GAG, glycosaminoglycan; SAXS, small angle x-ray scattering; SUV, small unilamellar vesicle; PICUP, photo-induced cross-linking of unmodified protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ThT, thioflavin T; SAP, spatial aggregation propensity.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a multifunctional enzyme that has been associated with neurodegenerative diseases. GAPDH colocalizes with ␣-synuclein in amyloid aggregates in post-mortem tissue of patients with sporadic Parkinson disease and promotes the formation of Lewy body-like inclusions in cell culture. In a previous work, we showed that glycosaminoglycan-induced GAPDH prefibrillar species accelerate the conversion of ␣-synuclein to fibrils. However, it remains to be determined whether the interplay among glycosaminoglycans, GAPDH, and ␣-synuclein has a role in pathological states. Here, we demonstrate that the toxic effect exerted by ␣-synuclein oligomers in dopaminergic cell culture is abolished in the presence of GAPDH prefibrillar species. Structural analysis of prefibrillar GAPDH performed by small angle x-ray scattering showed a particle compatible with a protofibril. This protofibril is shaped as a cylinder 22 nm long and a crosssection diameter of 12 nm. Using biocomputational techniques, we obtained the first all-atom model of the GAPDH protofibril, which was validated by cross-linking coupled to mass spectrometry experiments. Because GAPDH can be secreted outside the cell where glycosaminoglycans are present, it seems plausible that GAPDH protofibrils could be assembled in the extracellu-lar space kidnapping ␣-synuclein toxic oligomers. Thus, the role of GAPDH protofibrils in neuronal proteostasis must be considered. The data reported here could open alternative ways in the development of therapeutic strategies against synucleinopathies like Parkinson disease.
Neurodegenerative diseases like prion, Alzheimer, Huntington, and Parkinson diseases are classically characterized by brain proteinaceous aggregates. Lewy bodies and Lewy neurites, the neuropathological hallmarks of Parkinson disease and several neurological diseases, are mainly constituted by intracellular filamentous aggregates of the protein ␣-synuclein (␣-SN) 4 (1) . In addition, recent studies have demonstrated the presence of misfolded or aggregated extracellular ␣-SN, suggesting that the pathogenic action of this protein might involve the transfer of ␣-SN from one cell to another through the extracellular space, with deadly consequences to the recipient cell (2) (3) (4) (5) (6) . In vitro studies revealed that ␣-SN amyloid aggregation is a nucleation-dependent event that occurs in a process ranging from monomer via oligomers to fibrils (7, 8) . Several studies conducted in vitro and in vivo showed that oligomeric ␣-SN intermediates are more toxic to cells than the monomeric or fibrillar forms of the protein (8 -11) . One of the main pathways of ␣-SN oligomer-induced pathogenicity is related to the impartment of biomembranes (12) .
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glycosaminoglycans (GAGs) have been found to be associated with ␣-SN amyloid aggregates in Parkinson disease (11, 13, 14) . On the one hand, GAPDH colocalizes with ␣-SN in amyloid aggregates in post-mortem tissue of patients with sporadic Parkinson disease and promotes the formation of Lewy body-like inclusions in cell culture. GAPDH is a homotetrameric enzyme largely expressed in cells and well known for its central role in energy production. However, recent data suggest that GADPH also possesses highly diverse nonglycolitic functions in the intra-or extracellular space (15) and has also been related to neurodegenerative diseases (16 -22) . Moreover, genomic analysis suggests that GAPDH has a protective effect on late-onset Alzheimer disease (23) . On the other hand, GAGs are present in most, if not all, types of amyloids inside and outside of the cells (24, 25) . In vitro, GAGs have proved to affect protein aggregation kinetics (26) . We recently reported that sulfated GAGs, like heparin and heparan sulfates, are able to trigger GAPDH amyloid aggregation under pH and temperature physiological conditions (27) . The heparin-induced GAPDH species formed during the early stages of the aggregation process (HI-GAPDH ESS ) are able to accelerate ␣-SN aggregation with a remarkable efficiency (27) . In this study, we show for the first time that the interaction among GAGs, GAPDH, and ␣-SN exerts a protective role on dopaminergic cell survival. We have also performed a structural characterization of the HI-GAPDH ESS by using small angle x-ray scattering (SAXS) combined with mass spectrometry, protein docking, and molecular dynamics simulations. Among the HI-GAPDH ESS mixture, we were able to identify a native-like dimer as well as a protofibrillar species 22 nm long with a diameter of 12 nm. The experimental results strongly suggest that the protofibrils are the scavengers of the ␣-SN toxic oligomeric species. A protofibril all-atom model consistent with experimental constraints is herein presented. Upon secretion in the extracellular space, GAPDH might interact with GAGs leading to the formation of GAPDH protofibrils, which could improve neuron survival by sequestering toxic species of ␣-SN. In this context, our results could pave the way for a novel therapeutic strategy on neurodegenerative diseases.
EXPERIMENTAL PROCEDURES
Preparation of Oligomer-rich ␣-SN Samples-Expression and purification of recombinant human ␣-SN were performed as described previously (28) . The purity of the protein was assessed by SDS-PAGE. Monomeric ␣-SN stock solutions were prepared in 20 mM HEPES, pH 7.4. Prior to measurements, protein solutions were filtered and centrifuged for 30 min at 12,000 ϫ g. The protein concentration was determined by the measurement of absorbance at 275 nm using extinction coefficient ⑀ 275 ϭ 5600 cm Ϫ1 M Ϫ1 . The aggregation protocol was adapted from previous studies (29, 30) . Monomeric ␣-SN solutions (140 M) in 20 mM HEPES, pH 7.4, were incubated in a Thermomixer comfort (Eppendorf) at 37°C and 700 rpm. Aggregation was monitored with an ISS (Champaign, IL) PC1 spectrofluorometer using a thioflavin T (ThT) fluorescence assay on aliquots withdrawn from the incubation mixture at different times, according to LeVine (28) . Oligomer-containing samples (␣-SN oli ) were harvested at 16 h of incubation, before the onset of the exponential fibril-growth phase.
Transmission Electron Microscopy-Aggregated ␣-SN (10 l) was adsorbed onto Formvar-coated carbon grids (200 mesh), washed with Milli-Q water, and stained with 2% (w/v) uranyl acetate. The samples were imaged in a JEM-1200 Ex (Jeol) transmission electron microscope equipped with a GATAN camera, model 785.
Infrared Spectroscopy Measurements-Samples at 4 mg/ml 20 mM pD 7 D 2 O/HEPES buffer of ␣-SN were collected after 16 h of orbital incubation at 37°C. Because monomeric ␣-SN was higher than the oligomeric species after 16 h of incubation, we partially separated it from the monomer using an Amicon Ultra-0.5 100-kDa cutoff filter and assembled it in a thermostatted cell between two CaF 2 windows with a path length of 50 nm. The spectra were recorded in a Nicolet 5700 spectrometer equipped with a DTGS detector (Thermo Nicolet, Madison, WI) as described previously (31) . The D 2 O contribution in the amide IЈ region was eliminated by subtracting the buffer spectra from that of the solution at the same temperature to obtain a flat baseline between 2000 and 1700 cm Ϫ1 . Fourier self-deconvolution and determination of band position of the original amide IЈ band were performed as described (31) .
Human Neuroblastoma Cell Culture-SH-SY5Y cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptavidin, at 37°C and 5% CO 2 . For the assay, cells were seeded in 96-well plates at 15,000 cells/well and maintained in 100 l of DMEM supplemented with 10% FBS and 1% penicillin/streptavidin for 24 h at 37°C and treated as follows: control untreated cells received 25 l of HEPES buffer (20 mM, pH 7.4); heparin-treated cells received 25 l of a 75 g/ml heparin solution; GAPDH-treated cells received 25 l of a GAPDH (50 M in HEPES) solution preincubated for 24 h at 37°C; HI-GAPDH ESS -treated cells received 25 l of a GAPDH (50 M) solution preincubated with 75 g/ml heparin for 1 h and ␣-SN oli -treated cells received 25 l of an ␣-SN (140 M) solution preincubated for 16 h at 37°C; GAPDH ϩ ␣-SN oli -treated cells received 25 l of a GAPDH (50 M) ϩ ␣-SN oli (140 M); and HI-GAPDH ESS ϩ ␣-SN oli -treated cells received 25 l of a HI-GAPDH ESS (50 M) ϩ ␣-SN oli (140 M) mixture. Mixtures containing GAPDH and ␣-SN were preincubated for 1 h at 37°C under orbital agitation before addition to the cells. H 2 O 2 (75 M final in medium) was used for cell death control. Cell viability was determined using the colorimetric MTT metabolic activity assay (32) . All experiments were performed in sextuplicate, and the relative cell viability (%) was expressed as a percentage relative to the untreated control cells.
Calcein Release Assay-The lipid mixture used for these experiments was extracted from brain membranes of Wistar white rats by Folch method (33) . Rats were provided by the "Bioterio" Instituto de Química Biológica (Facultad de Bioquímica, Química y Farmacia, UNT, Tucumán, Argentina). The rats were obtained by exocria and maintained under controlled temperature and humidity under a 12-h light/dark cycle. The animals were maintained and treated in accordance with the criteria established in the "Guide for the Care and Use of Laboratory Animals," published by the Institute of Laboratory Animal and National Research (1999). After extraction, lipids were stored in chloroform/methanol (2:1, v/v). For the preparation of large multilamellar vesicles, lipids were dried under nitrogen onto the wall of a Corex glass tube, placed in a vacuum oven to completely remove any remaining solvent, and then rehydrated in 25 mM Tris, 50 mM calcein, pH 7.4 buffer. To obtain small unilamellar vesicles (SUVs), multilamellar vesicles were sonicated with probe-type sonifier under nitrogen and controlled temperature. To remove titanium debris, the suspension was centrifuged for 15 min at 1100 ϫ g (34) . To separate calcein-loaded SUV from free dye, a Sephadex G-75 gel filtration medium (Pharmacia Biotech) was used. During incubation, changes in the fluorescence intensity of the different mixtures were monitored at exc ϭ 490 nm and em ϭ 510 nm (35) 
where I F , I T , and I B are the fluorescence intensity of the dye released by the protein, total dye released, and control blank.
Small Angle X-ray Scattering Data-The scattering intensity of a noninteracting polydisperse system, which can be regarded as a mixture with p components, can be written as shown in Equation 2 (36) ,
where k is a constant related to the experimental setup and should be the same for different SAXS curves collected within the same beamline setup; N agg i is the aggregation number of the i-th species, for instance, the values for the tetramer, dimer, and cylinder are 4, 2, and N agg , respectively; P i (q) is the form factor of the i-th species, and w i is weight in this model. It is important to consider that n prot w i is the concentration of the i-th species, or even the total amount of protein composed in each species.
The scattering curves of GAPDH in the presence of heparin were analyzed as a linear combination of three different species on solution (tetramers, dimers and an effective cylinder) in such a way that we get Equation 3 ,
where w tetr , w dim , and w cyl are the weight of the tetramer, dimer, and an effective cylinder, respectively, and they respond to the following equation: w tetr ϩ w dim ϩ w cyl ϭ 1. All SAXS data analysis was performed with GENFIT software (37, 38) .
It should be remarked here that the choice of such a set of species in solution was based on the previous analysis of the distance distribution function p(r) (30) , which is a model-independent procedure. The previous p(r) analysis thus showed that a rod-like protein aggregate evolved in the solution, coexisting with a native tetramer, reaching a maximum dimension of 25 nm with a cross-section radius of ϳ6 nm up to 180 min of GAPDH-heparin incubation (30) . However, as we mention below, the modeling fails to reproduce the experimental data at a high q range if smaller species as dimers are not included in the data analysis. The presence of monomers, instead of dimers in solution, was also probed. However, to get a good fitting to the experimental data, the modeled cylinders resulted in maximum dimensions on the order of 50 nm, which is not consistent with p(r) analysis.
Therefore, concerning the SAXS models employed here, both the tetramer and the dimer were calculated using the protein crystallographic structure (Protein Data Bank code 1J0X), through SASMOL methodology (37) . Such a methodology assumes that the structures of the protein in the crystal and in solution are the same.
Regarding the form factor of an effective cylinder, it can be described as shown in Equation 4 (39), (Eq. 4) where R is the cylinder radius; L its length; ⌬ cyl ϭ ( cyl Ϫ sol ) is the electron density contrast between the cylinder ( cyl ) and the solvent ( sol ) and n cyl the cylinder numeric density, which can be written as a function of the total protein concentration as: n cyl ϭ n prot w cyl , with n prot the total protein concentration, and w cyl the weight of the cylinder in the SAXS curve.
Furthermore, it is possible to rewrite some of the cylinder's structural parameters as a function of others as shown in Equation 5 ,
where V cyl is the cylinder volume, and N agg is the monomer-like aggregation number inside the cylinder. The volume of the GAPDH monomer is known from its crystallographic structure ( mon ϭ 44,936 Å 3 ). cyl is the volume fraction of GAPDH inside the cylinder, i.e. cyl ϭ N agg /V cyl . Finally, both L and cyl can be now re-written as a function of cyl as shown in Equations 6 and 7,
and
prot is the theoretical electron density of the protein, calculated from its sequence ( prot ϭ 0.4235 e/Å 3 ), and sol is the electron density of the solvent (ϭ 0.333 e/Å 3 ). After such rearrangement, the cylinder can be modeled using R, N agg, and cyl as fitting parameters and all the other variables concerning this model can be written as a function of these three variables. Applying such methodology, the final set of fitting parameters are then R, N agg , cyl , and w tetr , w dim , and w cyl besides the experimental constant k.
Photoinduced Cross-linking of GAPDH in the Presence of Heparin-The mixture of GAPDH/heparin at a final concentration of 1 mg/ml, 0.5 mg/ml was preincubated at 37°C under agitation for 0, 5, 30, 60, 90, and 120 min. For each mixture obtained at different time intervals, the photoreaction was carried out in a 10 ϫ 10-mm quartz fluorescence cuvette with 1000 l, following a similar procedure to the one previously described by Fancy et al. (40, 41) . Concentration of the photosensitizer tris(bipyridine)ruthenium(II) dichloride was 10 M, and a 20-fold molar excess of the electron acceptor ammonium persulfate was present with a time exposure to light of 1 min The samples were placed in a cuvette holder with a magnetic stirrer and irradiated with a Superlite SUV-DC illuminator (Lumatec, Germany) equipped with a 200-watt DC super pressure short arc mercury lamp. After the irradiation, 20-l aliquots of the samples were diluted with 5 l of SDS-loading buffer containing ␤-mercaptoethanol to quench the radical reaction. The samples were boiled for 10 min and then 20 l of each sample were loaded per lane on 10% SDS acrylamide gels. Electrophoresis was carried out in a Bio-Rad Mini PROTEAN system in slab gels using the buffer and fixing described by Weber and Osborn (42) . The gel was stained with Coomassie Blue staining method. The protein molecular weight marker was Precision Plus Protein TM Standards. Conversely, 200-l aliquots of the samples were placed in ISS (Champaign, IL) PC1 spectrofluorometer where the emission spectrum of tyrosine and dityrosil was made. Emission spectra were registered setting exc at 275 and 320 nm for selective excitation of Tyr or di-Tyr, respectively.
Trypsin Fingerprinting and Mass Spectrometric Analysis-For determination of photoinduced cross-linking modifications, trypsin fingerprinting was applied. Aliquots of photoinduced cross-linked tetrameric and aggregated GAPDH samples were separated by SDS-PAGE analysis as described above, treated with dithiothreitol/iodoacetamide, and digested in-gel using 20 l of trypsin solution (25 ng/l). Extracts from each sample were desalted using C18 resin accommodated in a tip (Zip Tip Millipore). The peptides were extracted from the resin with an ␣-cyanohydroxycinnamic acid solution used as matrix. The masses of the digestion products were analyzed using reflex mode MALDI-TOF mass spectrometry (ABI Mass Spectrometer 4800 plus MALDI-TOF-TOF). The identity of the signals was determined using GPMAW 9.2.
Computational Modeling of the Protofibril-Protein-protein docking models were generated using SymmDock (43) . The crystallographic structure of the asymmetric unit for rabbit muscle GAPDH (44) deposited in RCSB (Protein Data Bank code 1J0X, chains O and P) was used as the building block. Complex models were predicted using 2-18-fold cyclic, dihedral, cubic, and helical symmetry by geometric docking algorithms. To predict the complex, we have applied the SymmDock algorithm twice in a two-step fashion. First, from the dimer we predicted a hexamer with C 3 rotational symmetry, which in turn served as the input to build the 36-mer structure. The top 100 solutions of each run were analyzed, and candidate models failing to match the geometrical features derived from SAXS studies were discarded.
To further relax the structure of the protofibril model, molecular dynamic simulations were performed using a multiscale approach. At first, coarse grained simulations of the system were performed using the MARTINI force field (45) and its extension to proteins (46) as implemented in the GROMACS package. Elastic network constraints were also applied to maintain the internal structure of individual subunits (47) . The elastic bond strength and the upper cutoff were set to 500 kcal/mol and 0.8 nm, respectively. Based on a comparison with all atom simulations, these were the parameters that better conserve the native structure while preserving realistic dynamics of the system. It should be noted that constraints introduced by the elastic network apply only to the tertiary structure, whereas the quaternary structure is free to change. The systems were simulated for 4 s (16 s effective time) coupled to Nose-Hoover thermostat and Parrinello-Rahman barostat. In a second stage, all-atom detail was included in the model by using the reverse transformation protocol described by Rzepiela et al. (48) .
Contact Maps Calculation-Contact between a given pair of residues at the interface is defined as shown in Equation 8 (49) ,
where r 0 ϭ 8.5 Å, and r i,j is the average distance between C␣ atoms of residues i and j during the last microsecond of simulation. Through the use of this continuous function, we define a tight interaction between two residues as C i,j Ͼ 0.8. Spatial Aggregation Propensity-Regions prone to aggregation were predicted using the algorithm called Spatial Aggregation Propensity (50) and mapped on the protein's solvent accessible surface using VMD (51) . This parameter is defined in Equation 9 ,
where solvent-accessible areas of side chain atoms are computed at each simulation snapshot; solvent-accessible areas of fully exposed residues are calculated over a simulation of the tripeptide Ala-Xaa-Ala; and residue hydrophobicity is taken from the hydrophobicity scale of Black and Mold (52) and normalized so that glycine has hydrophobicity of zero. In this way, negative spatial aggregation propensity (SAP) values correspond to hydrophilic regions, whereas positive SAP values correspond to hydrophobic patches.
RESULTS

HI-GAPDH ESS Modifies ␣-SN oli Toxicity and Membrane
Stability-As we have shown previously, early stage species present in the heparin-induced GAPDH amyloid aggregation pathway (HI-GAPDH ESS ) can modulate ␣-SN aggregation kinetics (27) . Here, we analyze whether HI-GAPDH ESS can also modulate the toxicity of ␣-SN oli on a dopaminergic cell model using SH-SY5Y cell cultures (53) .
Several protocols have been devised to obtain oligomeric aggregates of ␣-SN, leading to different structural and functional arrangements of the protein Here, we used a protocol adapted from Refs, 29, 30. Fig. 1A shows the aggregation kinetics of ␣-SN as monitored by ThT fluorescent assay. The oligomers were harvested at 16 h, which corresponds to the lag phase. The fact that these species do not enhance ThT fluorescence suggests that they may lack the cross-␤-structure characteristic of amyloid fibrils (54) . In fact, the ␣-SN oligomers appeared as spheroidal and polydisperse species as shown by transmission electron microscopy (Fig. 1B) . The FTIR analysis of the oligomeric state revealed an increase of ␤-structure compared with the monomeric state as judged by the shoulder at ϳ1618 cm Ϫ1 (Fig. 1C) . Taken together, these data suggest that the ␣-SN oli used in this work is compatible with the soluble on-pathway oligomers described previously (55) .
The addition of ␣-SN oli prepared as done previously to SH-SY5Y cells culture induced approximately 40% of cell death ( Fig. 1D) . In contrast, preincubation of ␣-SN oli with HI-GAP-DH ESS during 60 min abolished ␣-SN oli toxicity. This protective effect was not observed when ␣-SN oli was preincubated with either native GAPDH or heparin, indicating that only intermediate species formed during the heparin-induced GAPDH fibrillation can efficiently protect cells against ␣-SN oli toxicity. Of note, the protective effect of GAPDH was lost once the fibrillar state was reached (Fig. 1D ). In addition, neither native GAPDH nor HI-GAPDH ESS affected cell viability on their own (Fig. 1D) .
One of the proposed mechanisms by which ␣-SN oli exerts its toxic effect is by inducing a perturbation in the cell membrane integrity (56 -58) . To evaluate whether HI-GAPDH ESS interferes with this mechanism, we studied the effect of preincubation of ␣-SN oli with HI-GAPDH ESS on a membrane model system. To do so, we monitored the release of a fluorescent probe entrapped in rat brain lipid vesicles upon the addition of ␣-SN oli alone or preincubated with HI-GAPDH ESS . The addition of ␣-SN oli induced the release of calcein from liposomes, confirming the ability of these species to affect membrane permeability. Noteworthy, preincubation of ␣-SN oli with HI- For HI-GAPDH ESS , the enzyme (50 M) was preincubated with heparin (75 g/ml) for 2 h at 37°C. ␣-SN and ␣-SN oli corresponds to ␣-synuclein (140 M) preincubated for 0 and 16 h at 37°C with orbital agitation, respectively. For ␣-SN oli ϩ GAPDH, ␣-SN oli was preincubated for 1 h at 37°C with GAPDH (50 M). ␣-SN oli ϩ HI-GAPDH ESS corresponds to ␣-SN oli preincubated for 1 h at 37°C with HI-GAPDH ESS . MTT test was used to estimate cell viability. E, changes in liposomal membrane permeability induced by distinct aggregated species. The fluorescence signal was normalized with the signal observed after Triton X-100 addition, which induced complete rupture of the vesicles. ␣-SN monomer was employed as leakage negative control. HI-GAPDH ESS , ␣-SN oli , ␣-SN oli ϩ GAPDH, ␣-SN oli , and ␣-SN oli ϩ HI-GAPDH ESS were prepared as described above. F, effect of heparin/GAPDH incubation time on the production of species with the ability to protect membranes against content leakage induced by ␣-SN oli . The ␣-SN oli was preincubated with HI-GAPDH ESS harvested after 5, 60, 120, and 210 min of GAPDH/heparin mixture under orbital agitation at 37°C. Results were evaluated by analysis of variance (p ϭ 0.001), and asterisks indicate significant differences versus the control (***, p Յ 0.001; **, p Յ 0.01; *, p Յ 0.05).
GAPDH ESS significantly diminished such an effect (Fig. 1E ). On the contrary, preincubation of ␣-SN oli with GAPDH in its native tetrameric or in its fibrillar state did not prevent calcein leakage indicating that inhibition of the ␣-SN oli -mediated membrane permeabilization should be associated with an unidentified intermediate species among HI-GAPDH ESS , which does not affect the membrane integrity on its own. It is important to note that GAPDH in its native tetrameric state induces changes in membrane permeability as described previously (59) . Nevertheless, this feature is lost when the enzyme is incubated with heparin ( Fig. 1E) . Therefore, we demonstrate that during the early stages of aggregation, the heparin/ GAPDH incubation mixture is enriched in a particular subpopulation capable of sequestering the ␣-SN oli .
Enrichment of HI-GAPDH ESS in a Protofibrillar Species Revealed by SAXS-According to our previous studies, HI-GAPDH ESS consists of prefibrillar species coexisting with native GAPDH tetramer (27) . To further inquire into the nature of the putative GAPDH species capable of recruiting ␣-SN oli , we utilized SAXS because this technique is able to provide low resolution information on the structure of the species present in a polydisperse system as well as on their relative amounts (36, 60 -63) . In this way, we have previously shown that heparin triggers the formation of an elongated species with maximum dimension of ϳ25 nm coexisting with the native tetramer through the analysis of the distance distribution function p(r) (27) . Here, we performed a deeper characterization of the species present during the early steps of the heparin-induced GAPDH fibrillation process. We analyzed the SAXS curves obtained by GAPDH in the absence or in the presence of heparin after 5, 60, 120, 160, and 210 min of incubation (Fig. 2) . In the absence of heparin, no significant changes were evidenced in the GAPDH SAXS curves indicating the stability of the protein (27) . However, in the presence of heparin, we modeled the scattering curves as a mixture composed of the native tetrameric protein (Protein Data Bank code 1J0X) and an anisometric scattering particle represented by a homogeneous cylinder. As the modeling failed to reproduce the SAXS experimental data in the high q range, we evaluated the inclusion of additional smaller particles for a better fit (data not shown). Interestingly, the best fitting, performed with GENFIT software (37, 38) , was achieved when dimers were included in the SAXS 
TABLE 1 Adjustment parameters from the cylinder-like aggregate along time
The parameters used are as follows: R, cylinder radius; L, length; cyl , the cylinder fraction volume; N agg , aggregation number (i.e. the number of GAPDH monomers inside the cylinder); cyl , electronic density; w cyl , weight of the cylinder in the SAXS curve. In the last two lines the average and the S.D. values are shown. MAY 16, 2014 • VOLUME 289 • NUMBER 20
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data analysis, resulting in fitting parameters for the protofibril consistent with p(r) analysis (30) . The quality of the fittings was rather good, indicating that the modeling is compatible with the scattering data for the whole set of experiments. The fitting parameters correspond to the amount of protein in the tetrameric (w tetr ), dimeric (w dim ), and cylindrical (w cyl ) forms (Table  1) . Further parameters, the cylinder radius (R), the protein fraction inside the cylinder ( cyl ), and the number of monomers composing the cylinder, which corresponds to the aggregation number (N agg ), can also be extracted from the SAXS data analysis. Taken together, these results suggest that in the early stages of heparin-induced fibrillation, GAPDH coexists in three different aggregation states in solution: native tetramers, nativelike dimers, and higher order aggregates with a cylindrical shape. These cylinder-like species, structurally characterized for the first time in the present results, are on average 21.5 Ϯ 0.9 nm long with 11.8 Ϯ 0.2 nm diameter and are composed of 35 Ϯ 2 monomers (Table 1) . Following the nomenclature proposed by Kodali and Wetsel (64) , we will refer to these species as protofibrils.
Time-evolution of different HI-GAPDH ESS subpopulations was obtained through the SAXS data analysis (Fig. 2F ). The native tetrameric species diminished as the protofibrillar species concentration increased during the first 210 min of incubation of GAPDH in the presence of heparin, whereas the dimer population remained unaltered during this time interval. Noteworthy, there is a good agreement between the increment of the protofibrillar species (Fig. 2F ) in the heparin/GAPDH incubation mixture and its capability to protect the membrane against ␣-SN oli (Fig. 1F) .
All-atom Model of GAPDH Protofibrillar Species-Structural characterization of transient protofibrillar species at the atomic level is not a trivial task using classical structural techniques; therefore, we used computational modeling. Briefly, we have analyzed the most probable arrangement of GAPDH subunits within the protofibril considering the following constraints obtained from the SAXS data analysis: (i) it has a cylindrical shape, a diameter, and long axis lengths of 11.8 and 21.5 nm respectively; (ii) the number of subunits to be fitted into the cylinder (N agg ) is 35 Ϯ 2; (iii) the subunits maintain a native-like fold as observed on FTIR spectra recorded during the early stages of heparin-induced aggregation (27) ; (iv) a native-like dimer can be used as the building block because this species is also present in the early stages of the fibrillation process (Fig. 2) .
Using SymmDock (43), we generated 100 docking models taking the GAPDH dimer as building block. Based on the particle size restrictions derived from SAXS, we narrowed the possibilities down to only one model, which was then submitted to relaxation protocols through molecular dynamic simulations techniques. Because of the time and length scales needed for this study, we used a multiscale approach. The first step used was the MARTINI coarse grain force field with elastic network constraints (47) to perform the simulations (45) . In the second step, all-atom detail was introduced back into the model (Fig. 3 ) by using the reverse transformation protocol described by Rzepiela et al. (48) . This approach could preserve the overall fold of each subunit, as evidenced by the root mean square deviation of the subunits from its x-ray structure, which remained under 0.28 nm throughout the whole simulation. The presence of improper protein-protein contacts in the proposed protofibril model was evaluated by following the evolution of the protein's solvent-accessible surface area, where an increment is indicative of repulsions at the interfaces. The assembly model that we propose for the protofibril remains stable within the microsecond time scales (data not shown), indicating that there is no repulsion in the interfaces.
The reliability of the model obtained is given by the good agreement between the experimental and the theoretical distance distribution p(r) function data as estimated with SASMOL software (Fig. 3) (37) . According to our model, the protofibril has the shape of a cylinder with 21.6 nm height and 12.4 nm diameter. Within the protofibril, the dimers are arranged into layers of hexamers stacked along the long axis of the cylinder and presented a helical twist with a structure that repeats every 12 layers. It is important to note that in the model presented, the ␤-sheets within the catalytic domain of each subunit were oriented in tandem perpendicular to the elongation axis of the protofibril. Under this scheme, it seems to be possible that the flexible loops present in the interface between the layers might take another course, allowing the formation of a hydrogen bond network connecting these ␤-sheets, giving rise to the characteristic cross-␤-structure of the amyloid fibrils.
Thus, according to the proposed model, heparin induces changes in the quaternary structure of GAPDH leading to the formation of new protein-protein interfaces in the protofibril. Changes at the interfaces could be visualized by plotting the contact maps, which depict the proximity between two residues at the interface in the protofibril compared with the native tetramer (Fig. 3E ). An analysis of our model shows that Tyr-39, Tyr-42, and Tyr-46 are in close proximity to the interface between three subunits in the core of the protofibril (Fig. 3, C  and E) . In the tetramer, these residues are exposed to the solvent and do not participate in the formation of protein-protein interfaces.
To understand the molecular basis of the interaction between the protofibril and ␣-SN oli , we evaluated the exposure of hydrophobic patches on the protein surface. Hydrophobic interactions were shown to play an important role in protein aggregation, and thus several algorithms were developed in an attempt to identify these regions. Aggregation-prone regions were predicted through the calculation of the spatial aggregation propensity (50) . Mapping this parameter on the protein's surface reveals the presence of a hydrophobic patch at the edge of the protofibril (Fig. 3F ). This hydrophobic patch might act as a scaffold for recruiting additional subunits of GAPDH for the elongation of the protofibril, as well as for recruiting ␣-SN oli into a mixed fibril.
Mass Spectrometry Validates the GAPDH Protofibril Model-To experimentally validate the proposed GAPDH protofibrillar model, we resourced to covalent stabilization through photoinduced cross-linking of unmodified proteins (PICUP). This method allows the formation of Tyr-Tyr bonds when these residues are in close proximity (41) . To do this, aliquots from an incubation mixture containing GAPDH and heparin were harvested at different times and photolyzed in the presence of tris-(bipyridine)ruthenium(II) dichloride and ammonium persulfate. The formation of new di-tyrosine bonds was shown by the increase of the characteristic emission peak at 410 nm in the fluorescent spectra only in heparin-containing mixtures (Fig.  4A) . The SDS-PAGE analysis (Fig. 4B) of each of these samples shows the presence of new covalently stabilized dimeric and trimeric GAPDH species. In the absence of heparin, no covalent cross-link was detected.
To identify the Tyr involved in new covalent bonds stabilizing the dimeric and trimeric species detected in the SDS-PAGE, we performed trypsin digestion of the isolated bands, followed by comparative analysis of the generated peptides using mass spectrometry. Most of the expected peptides were detected in the sample corresponding to the monomer (Fig. 4C ). It is important to note the presence of a signal compatible with fragment 25-52 in the monomer sample, bearing Tyr-39, Tyr-42, and Tyr-46 which could be involved in the formation of Tyr-Tyr bonds stabilizing the dimers or trimers ( Table 2) . Nevertheless, the signal compatible with the segment peptide 25-52 was no longer detected in dimer or trimer samples. On the contrary, the dimer and trimer digestion samples show the presence of additional signals, such as the one compatible with ϳ9657 Da, which could be assigned to a new fragment formed by cross-linking Tyr residues between segment peptides 9 -58 and 25-58.
The difference observed in the cross-linking properties of GAPDH might be understood in terms of the differences in the Tyr-Tyr interactions in the interface in the protofibril compared with the native tetramer ( Fig. 3E) . Accordingly, in the crystallographic structure of the native tetrameric protein, the region corresponding to fragment 25-52 is exposed to the solvent, although on the protofibril this region is confined to the subunit-subunit interfaces, just at the core of each layer (Fig. 3E) allowing Tyr-39, Tyr-42, and Tyr-46 in close proximity for cross-linking. When the protofibril is exposed to the denaturing conditions of SDS-PAGE, all the subunits disassemble except those with covalent stabilization, giving rise to the dimeric and trimeric species, along with the monomeric species (Fig. 4B) . Altogether, these results give experimental support to the structural model proposed for the GAPDH protofibril. Heparin interacts with GAPDH inducing dissociation of tetramer into dimers, which then reassemble into the growing protofibril. The existence of additional potential intermediates (shadowed monomer and hexamer) is also proposed. The model of interaction between GAPDH protofibrils and ␣-SN oli is based on the hydrophobic patch present at the edge of the protofibril allowing the recruitment ␣-SN oli into a mixed protofibril. 
DISCUSSION
We have previously shown that some intermediates present in the early stages of heparin-induced GAPDH amyloid aggregation (HI-GAPDH ESS ) are able to accelerate the kinetics of ␣-SN aggregation. Here, we demonstrate that these HI-GAPDH ESS species are able to abolish ␣-SN oli deleterious activity at the cell membrane level possibly by sequestering SN oli . Interestingly, the capacity of HI-GAPDH ESS to reduce membrane damage (Fig. 1F ) increases with the amount of protofibril species present in the solution (Fig. 2F) . The protofibril revealed by the SAXS analysis composes a proteic cylinder-like envelope 22 nm long and a 6-nm radius. The all-atom model for such a protofibril, obtained using rigid body docking and molecular dynamics simulations, shows that GAPDH subunits are arranged into layers of hexamers stacked along the cylinder long axis with a helical twist that gives rise to a repeating structure every 12 layers. Also, the ␤-sheets within the catalytic domain of each subunit are oriented in tandem perpendicular to the elongation axis of the protofibril. We propose that the flexible loops present in the interface between the layers might take a new direction, allowing the formation of a hydrogen bond network connecting these ␤-sheets, giving rise to the characteristic cross-␤-structure of the amyloid fibrils as observed by ThT fluorescence and FTIR spectroscopy (27) . Cross-linking experiments coupled to mass spectrometry gives additional support to the model, validating the hypothesis that Tyr-39, Tyr-42, and Tyr-46 intervene in the formation of new protein-protein interfaces in the protofibril.
The structural characterization of the protofibril acquires relevance in view of its beneficial features. Using a dopaminergic cell model, we demonstrated the ability of heparin-induced GAPDH protofibrillar species to protect cells against exogenous addition of ␣-SN oli . This protection seems to be mediated by abolishing the membrane perturbation induced by ␣-SN oli , as indicated by fluorescence assays on a simplified cellular membrane model. It is tempting to speculate that heparin-induced GAPDH protofibrils behave as an efficient polymerization seed for ␣-SN, acting as scavengers for ␣-SN oli toxic species, pushing them to reach the fibrillar nontoxic state, and preventing them from reaching the cytoplasmic membrane. In a previous work, we demonstrated the formation of a mixed fibril when GAPDH protofibrils are incubated in the presence of ␣-SN oli (27) . The lack of an all atom model for ␣-SN oli species prevented us from applying the computational tool such as docking studies for inquiring on the specific nature of the protein-protein interaction. Still, several works have evidenced the relevance of hydrophobic interactions in protein aggregation. In particular, the algorithm SAP, which is based on the detection of hydrophobic patches on the protein surface, has proved useful for predicting putative aggregation-prone regions in proteins (50) . An analysis of GAPDH protofibrils revealed a hydrophobic patch at the protofibril edge ( Fig. 3) , which could account for the recruitment of ␣-SN oli into a mixed protofibril as depicted in Fig. 5 .
In this scenario, although ␣-SN is mainly found in the cytosol, identification of this protein outside the cell (65, 66) suggests that ␣-SN amyloid pathology may spread during disease progression (3, 4, 67) possibly by a prion-like mechanism, i.e. by a self-templating change in protein structure (68) . The GAPDH protofibril could play an important role sequestering ␣-SN oli species spreading through the extracellular space. Here, we used heparin to trigger the formation of GAPDH protofibrils, and although this GAG is not considered to exist inside the brain, it is representative of highly sulfated heparan sulfate domains classically found in the extracellular matrix of any tissue (69) . In this scenario, a role for GAPDH protofibrils in cellular proteostasis seems possible because heparan sulfates from brain extracellular matrix can colocalize and thus interact with secreted GAPDH inducing its dissociation and reassociation into new species capable of scavenging ␣-SN oli . According to our hypothesis, the dissociation of the tetramer into dimers represents a key step into the formation of species involved in proteostasis of ␣-SN oli (Fig. 5 ). We cannot deny the presence of monomers as well as additional structural species in solution which, if present, they might be in very small amounts and below the limits of detection of the methods used herein. Interestingly, drugs used for the treatment of Parkinson disease increase the stability of GAPDH as a dimer (70) . This mechanism could be involved in neuroprotection and represents a new strategy for therapeutic design in Parkinson disease.
